Abstract: Giant radio relics are arc-shaped diffuse sources with Mpc-scale found in the peripheries of some dynamically disturbed galaxy clusters. According to the leading scenario of relic formation, shock waves occurring in merger events amplify the local magnetic field and (re)accelerate particles. However, Mach numbers associated with merger shocks are typically low, and hence inefficient at accelerating particles from the thermal pool. We analyzed a deep Chandra observation (334 ks) to study the relic region in the cluster Abell 115. Temperature and surface brightness profiles taken across the relic both show a clear discontinuity, which is consistent with a shock. This result supports the relic-shock connection and represents a test case to study the origin of radio relics. In this particular case, we suggest that a re-acceleration scenario is more suitable. The relic morphology and position are consistent with a shock produced in an off-axis merger between clusters with different masses.
Introduction
Galaxy clusters are the largest and most massive gravitationally bound systems in the Universe, reaching linear sizes of a few Mpc and masses up to 10 15 M . Although the richest clusters may contain thousands of galaxies in their volume, galaxies account only for ∼5% of the cluster total mass which is instead dominated for about ∼80% by dark matter. The remaining ∼15% is in form of intra-cluster medium (ICM), a tenuous (n e ∼ 10 −3 − 10 −4 cm −3 ) and hot (T ∼ 10 7 − 10 8 K) plasma whose thermal emission is detectable in the X-rays. In the past decades, radio observations detected also diffuse sources in some merging state systems, revealing the presence of magnetic fields and cosmic rays (CR) spread over the cluster volume, e.g., [1] . These Mpc-scale emissions are characterized by steep synchrotron spectra (α > 1, with S ν ∝ ν −α ) and can be divided in two classes. Radio halos are located in the cluster centers, appear with roundish morphologies, somewhat recalling the thermal ICM emission. Radio relics, instead, are typically found in cluster outskirts, have elongated shapes and strongly polarized, up to 60%-70% levels. Although their origin is still under debate, nowadays the most attracting scenario is that the turbulence induced during cluster merger (for halos) and the shocks (for relics) occurring in merger events are capable to (re)accelerate CRs and amplify magnetic fields allowing the synchrotron radiation over such large scales, e.g., [2] .
We report a study of the relic region in Abell 115 (hereafter A115), a moderate redshift (z = 0.197) galaxy cluster very luminous in the X-rays (L [0.1−2.4 keV] = 1.5 × 10 45 erg s −1 ) which is in a merging state. The combination of an archival Very Large Array (VLA) dataset and the new deep Chandra observations gives interesting insights about the relic origin. Calculations are performed by assuming a concordance ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7, for which 1 corresponds to 3.261 kpc at the redshift of A115 (z = 0.197). All errors are quoted at 68%.
Observations

Chandra
We analyzed five ACIS-I Chandra observations of A115 (ObsID: 3233, 13458, 13459, 15578, 15581) in VFAINT mode. Soft proton flares detection and subtraction was performed by inspecting the light curves of chip S3 (for ObsID: 3233, 13459, 15581) and of a cluster free emission region in one ACIS-I chip (for ObsID: 13458, 15578) using the lc_filter routine. After this procedure, the resulting cleaned total exposure time was 334 ks. A 0.5-2 keV image of the cluster is reported in Figure 1a . Surface brightness (SB) profile extraction and fitting was performed with PROFFIT v1.3 [3] . Discrete sources were detected using the wavdetect task on the merged image using a point spread function map with minimum size. Sources were visually confirmed and excluded in the further analysis. A background image was obtained by matching the background templates for every single ObsID and normalizing by counts in the 9.5-12 keV band. This was subtracted in the SB profile fits.
Spectral analysis was performed with XSPEC v12.9.0. Three background components were modeled in the fits: the Galactic background (taken into account with two thermal plasmas with temperatures 0.14 and 0.25 keV), the cosmic X-ray background (taken into account assuming an absorbed power-law with photon index 1.4) and the ACIS-I particle background (modelled following [4] ). Since the low X-ray count rate, Cash statistics and an ICM metallicity fixed at 0.3 Z were adopted in the fits.
VLA
We re-analyzed archival VLA observations of A115 at 1.4 GHz in C and D configurations (project code AF0349, see [5] for more details). Bad data due to radio frequency interference were excluded in the editing process, then the two datasets were phase-only self-calibrated independently a number of times. The data of IF1 (at 1364 MHz) for both datasets were combined after an accurate check on the sources flux densities. The total on-target observing time was 4.5 h and the bandwidth ∆ν = 50 MHz. After a number of self-calibration iterations, images were created adopting a two-scale clean procedure in order to better recover the diffuse extended emission. The final image of the radio relic shown in Figure 1b has a restoring beam of 15 × 14 in position angle −35 • . The 1σ off-source noise level is 70 µJy b −1 . A 5% uncertainty on the absolute flux scale calibration was assumed.
Relic-Shock Connection
Shock Detection
A115 is a galaxy cluster with a very irregular X-ray morphology which hosts a giant (∼1.5 Mpc) radio relic in its N periphery ( Figure 1 ). Previous X-ray [6] [7] [8] and optical [9] studies of the cluster both concluded that A115 is undergoing an off-axis merger. The presence of a radio relic [5] is also an indication of the disturbed dynamical state of the system, as relics have been found only in unrelaxed systems [1, 2] . In particular, an increasing number of relics is detected in coincidence of shock waves, e.g., [10] [11] [12] [13] [14] [15] [16] , where particle (re)acceleration and magnetic field amplification occur.
By inspecting the X-ray image of A115 (Figure 1a) , we noticed the presence of a SB drop in the cluster N region, where the W part of the relic stands out. For this reason we performed SB and spectral analysis in the sectors shown in Figure 2a . We fitted the SB profile assuming an underlying density broken power-law in the form
where r is the distance from the (red) sector center, r sh is the shock radius, n 0 is the density normalization, a 1 and a 2 are the power-law indices and C ≡ n d /n u is the shock compression factor. Subscripts d and u denote downstream and upstream quantities, respectively. The fit shown in Figure 2b is a good description of the data (χ 2 /d.o.f. = 67.6/54) and leads to C = 2.0 ± 0.1. By using the Rankine-Hugoniot jump conditions for a monatomic gas
it corresponds to a Mach number M SB = 1.7 ± 0.1. We looked for systematics uncertainties due to the sector choice by varying its opening and position angle, the radial range where the fit is performed and the shock curvature radius. These tests led the Mach number to vary within the range 1.4-2. In a shock wave, the downstream temperature is higher than the upstream one. For this reason, we performed spectral analysis in the relic region and produced the temperature profile shown in Figure 2c . In the two bins closer to the X-ray SB discontinuity, the temperature is kT d = 7.9 
Relic Morphology and Location
The radio relic lays in the A115-N sub-cluster periphery and it is elongated in the E-W direction with a linear size ∼1.5 Mpc (Figure 1b ). In the new 1.4 GHz VLA image at 15 × 14 , the relic can be divided in two substructures defined by a "break" in its northern edge. The W part is short and straight and it coincides with the shock. This spatial connection supports the scenario in which particles are (re)accelerated in cluster shocks. The E part of the relic is instead arc-shaped, becoming thinner in the eastern direction. This region of the relic is harder to interpret as the low X-ray count statistics of this cluster region did not allow a proper investigation, hence it is not clear if it also traces a shock.
The position of the relic in A115 is not trivial to explain. In a head-on collision, outward moving shocks are expected to produce relics in opposite directions along the axis merger, e.g., [17] . However, both X-ray [8] and optical [9] studies on A115 concluded that the system is undergoing an off-axis merger, where the position of the shocks is complex to be determined and requires detailed numerical simulations. In particular, the location of the shock in A115 may be in agreement with the simulations of a merger with high impact parameter between clusters with unequal mass, where the shock curves around the core of the minor system (see Figure 7 in [18] ), in agreement with A115-N sub-cluster being less massive [9] . This scenario could explain the unusual relic position and morphology: in particular, its E part would trace the uplifting of the cluster radiogalaxies (Figure 1b) plasma uplifted by the shock while it is moving in the outskirts.
Evidence of Particle Re-Acceleration?
There is broad consensus that shocks play a crucial role in powering radio relics in galaxy clusters. However, the diffuse shock acceleration (DSA) theory adopted to explain the CRs production in Galactic supernova remnants (SNR) is severely challenged to reproduce the total radio luminosity of several relics, e.g., [2] . This problem is due to the typical low Mach numbers associated at cluster shocks (M ≤ 3 − 4) that would imply large acceleration efficiencies. Moreover, DSA from the thermal pool is further stressed by current γ-ray Fermi limits, assuming that the ratio of CR protons and electrons generated in cluster shocks is similar to that in SNRs, e.g., [19] [20] [21] . In this respect, re-acceleration models of a pre-existing population of CR electrons have been recently proposed, e.g., [22] [23] [24] [25] . The detection of a shock co-spatially located with the radio relic in A115 thus provides an ideal test case to study particle (re)acceleration in cluster outskirts, since the properties of the underlying shock are well constrained.
The efficiency of electron acceleration η e in a shock with speed V sh , surface S and upstream mass-density ρ u , is evaluated in order to reproduce the bolometric (≥ ν 0 ) synchrotron luminosity
where Ψ = p min Q(p)E dp p 0 Q(p)E dp (4) accounts for the ratio of the energy flux injected in "all" electrons and those visible in the radio band (ν ≥ ν 0 ), p 0 is the momentum of the relativistic electrons emitting the synchrotron frequency ν 0 in a magnetic field B and B cmb = 3.25(1 + z) 2 µG accounts for inverse Compton scattering of cosmic microwave background photons. In a DSA regime, e.g., [26] , the particle injection spectrum is Q(p) ∝ p −δ inj , with slope related to the shock Mach number via
For M = 1.7 − 1.8, Equation (5) implies δ inj = 4 − 3.8 (and integrated spectral index α = δ inj /2 = 2 − 1.9). Therefore, in the case of the relic in A115, the predicted synchrotron spectral index is not consistent with its observed value α∼1.1 [5] and it also would require an untenable large acceleration efficiency from Equation (3). This rules out particle acceleration from the thermal pool.
If we assume that a population of seed electrons already exists in the ICM, the initial (upstream) and accelerated spectra of electrons are connected via
where N u refers to the upstream spectrum of seed particles and p min is the minimum particle momentum of accelerated electrons. In Figure 3 we show the electron acceleration efficiency versus the downstream magnetic field in the case of electrons with p min /m e c = 20 and 200 and spectrum Q(p) ∝ p −3.8 . Not all the combinations of (η e , B) are feasible in Figure 3 . In particular, even if η e can be larger in re-acceleration than in the case of acceleration, e.g., [2] , values above few per cent are still problematic, e.g., [27] . In addition, although current limits on the magnetic field in radio relics reveal strengths above a few µG, e.g., [10, [28] [29] [30] , the presence of B ≥ 10 µG in cluster outskirts is unlikely and this further reduces the allowed region in the (η e , B) plane, marked in green in Figure 3 . Taking into accounts these considerations, re-acceleration of electrons with p min ≥ 100 m e c appears energetically viable. Note, however, that in this case the spectrum of the relic would be very steep (α∼2). The spectral index problem can be coped with by assuming that the shock is re-accelerating a cloud of electrons with flatter spectrum that are not very old, boosting their emission at higher frequencies and preserving the original spectrum (Equation (6), see, e.g., [25] , for details). This scenario is suggested by the presence of few radiogalaxies embedded in the relic. These could naturally provide the seed electrons and alleviate the problem of the relic E part, which lays in a region where the thermal energy density is small, hence it further stresses the DSA theory due to the larger acceleration efficiency that would be implied. In conclusion, re-acceleration models recently invoked to explain the origin of some radio relics, e.g., [13, 15, 31] appear a promising solution to the CRs production in weak cluster shocks. However, we mention that it is still not clear if particles non-uniformly injected in the ICM by cluster radiogalaxies are able to reproduce the observed regular morphologies of radio relics on ∼Mpc scales. For these reasons this scenario certainly deserves more investigation in the future.
Conclusions
A115 is a dinamically disturbed galaxy cluster located at z = 0.197. We presented the study of the northern outskirts of the cluster, where a giant radio relic is located. The deep Chandra observations (334 ks) and the re-analysis of an archival VLA dataset led to the following results:
• The discovery of a shock in the N part of the cluster. The Mach numbers derived via SB and temperature jump are consistent, leading to M SB = 1.7 ± 0.1 and M kT = 1.8
The shock is co-spatially located with the W part of the radio relic. This strongly supports the idea that shocks play a crucial role in the formation of relics.
•
The low Mach number of the shock in A115, compared to the spectral index of relic, rules out particle acceleration from the thermal pool. On the other hand, a scenario where the shock is re-accelerating CRs injected in the ICM by the surrounding radiogalaxies appears energetically favored.
• The E part of the relic is located in a low X-ray SB region which does not allow a clear investigation with current Chandra data. However, the relic morphology is consistent with numerical simulations of an off-axis merger between galaxy clusters with different mass, where the shock bends around the less massive cluster. In this respect, we propose that this relic region is due to the uplifting of the radiogalaxies plasma by the shock spreading out in the cluster outskirts.
Future radio observations aimed to study the spectral index across the relic will help to disclose the origin of the source. In particular, new instruments such as LOFAR, SKA and a number of its precursors, will enter into unexplored territories, reaching unprecedented sensitivities to cluster scale emission over a broad frequency range. These data will extend the frequency range allowing to highlight the effect due to additional mechanisms in the downstream region, such as particle re-acceleration. Deeper X-ray observations are also required to investigate the NE periphery of the cluster, where the E part of the relic stands out. 
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